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Illinois Basin. Carbon dioxide injection began on November 17, 2011, at an average rate of 1,000 metric tons per 
day, and is scheduled to conclude in November 2014.  
The IBDP employs an extensive environmental Monitoring Verification and Accounting (MVA) program 
consisting of near-surface and subsurface monitoring to establish baseline conditions prior to injection, as well as 
monitoring throughout the three-year injection period, and a scheduled three-year post injection period. Over twenty 
near-surface and subsurface monitoring techniques have been implemented at IBDP, including soil flux monitoring. 
The soil flux monitoring network consists of manual and automatic measurements at fixed points for 
characterization of spatial flux variations over the 0.65 km2 study site, and of temporal variations on diurnal to 
annual time scales. This paper presents the results of soil CO2 flux monitoring at the IBDP site and describes the 
spatial and temporal patterns observed. 
2. Methods 
Soil CO2 flux is the rate at which CO2 crosses the soil surface-atmosphere boundary. It is primarily driven by 
exudation of carbon compounds into the rhizosphere. There, mycorrhizal fungi and bacteria oxidize these organic 
compounds to produce energy, water, and CO2. The rates of these processes are determined by soil temperature, soil 
moisture, and available soil carbon [1, 2]. Therefore it is important to monitor these biophysical properties and their 
impact on observed fluxes, to better quantify variability and ascertain whether or not CO2 has migrated from the 
injection reservoir to the biosphere [3]. At the IBDP site, we employ a closed chamber accumulation method with 
additional concurrent monitoring of soil temperature and soil moisture. 
2.1. Soil flux monitoring network 
A network of 107 polyvinylchloride (PVC) rings distributed at 75 locations has been sampled weekly during the 
growing season since July 2009. Rings were placed in a rough grid, but existing infrastructure limited ring 
installations to the south and east of the injection well (CCS1) (Fig. 1). In the area to the north and west of the 
injection well (CCS1), rings were spaced about 75 m apart. Closer to the injection well, rings partially encircle 
CCS1 and were spaced between 10 and 30 m apart. All rings in the network were reset and leveled at the beginning 
of each field season and anytime a disturbance occurred that effected the ring position. Data for this paper cover the 
period when monitoring began (July 2009) to the end of the monitoring season in December 2013. Meteorological 
temperature and precipitation data from the KDEC weather station at the Decatur Airport in Decatur, Illinois located 
5 km from the site were used for the period from December 2008 through December 2013. An eddy covariance 
system was also used to collect meteorological data and soil temperatures at a single location at the site. 
Natural Resources Conservation Service (NRCS) soil surveys indicate soils at the site are mostly silt loams and 
silty clay loams [4]. However, land use changes and industrial activities have likely significantly changed the 
original soil conditions at some locations and in some cases completely removed or buried soil horizons. The site 
elevation varies by 5.5 m (18 ft) across the study site, from 202 m to 207.5 m above sea level.  
The flux monitoring network contains three ring treatments: (1) 75 bare soil, shallow-depth rings, (2) 27 natural 
soil, shallow-depth rings, and (3) 5 bare soil, deep-depth rings. Shallow and deep rings were driven about 8 and 46 
cm into the ground, respectively. Bare ring types are regularly treated with herbicide to minimize vegetal effects 
within a 0.5 m radius of the ring, while natural rings are maintained only to prevent plant growth from impeding flux 
measurements. The bare-shallow rings have the highest signal to noise ratio of the three ring types and are expected 
to be the most sensitive to a leakage signal, were one to occur [5], because of minimized contributions to flux from 
root respiration and microbial activity. For this paper, we focused only on treatment types #1 and #2. 
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ports: four closed accumulation chambers (two bare shallow and two natural shallow rings) and four atmospheric 
sampling ports at 9, 55, 168, and 243 cm above ground surface. Soil temperature and moisture measurements were 
collected at each of the four accumulation chambers. At the beginning of the project, the multiplexer was deployed 
only for short periods of time. In 2012, the multiplexer was relocated to its current location, and deployed for 
substantially longer periods of time with more than 100,000 total flux measurements collected during 2012 and 
2013. All multiplexer data have been reviewed and censored based on quality control review procedures similar to 
those used for the point measurement network. 
3. Results and discussion 
3.1. Data summary 
A total of 11,281 fluxes that have met the project QC criteria were measured at the rings in the IBDP soil flux 
point network between June 2009 and December 2013. The flux data were grouped by season with spring, summer 
and fall periods representing March through May, June through August, and September through November, 
respectively. Generally fluxes were not measured from December through March because of frozen or saturated soil 
conditions. Measurements from the standard bare-shallow ring type account for 70% of the data, and measurements 
from the other two ring types, natural shallow and bare deep, account for 26 and 4 % of the data, respectively. 
Average soil CO2 fluxes were calculated for the bare and natural rings since flux monitoring began (Table 1). The 
average soil CO2 flux at natural rings (4.4 mol m-2 s-1, n = 3164), is 2.3 times greater than at bare rings (1.9 mol 
m-2 s-1, n = 7975), because natural rings have relatively unrestricted plant and root respiration and soil microbial 
activity, while the bare ring herbicide treatments significantly reduced these effects. Generally, the bare rings’ fluxes 
(STD = 1.8) were less variable than the natural rings’ (STD = 3.5). These data corroborate the previous assessment 
that bare rings are a preferred installation type for CO2 leak detection because of their greater sensitivity to detect 
flux anomalies. 
Table 1. Yearly average soil CO2 fluxes and flux differences (in mol m-2 s-1) for bare and natural ring types. Measurements in 2011 after 
November 17 were added to the 2012 average. 
Bare ring n = Natural ring n = 
Flux difference 
(natural–bare) Start Date End Date 
2009 2.0 1057 2.7 245 0.7 6/24/2009 12/22/2009 
2010 2.3 1224 5.5 481 3.2 4/1/2010 11/10/2010 
2011 2.2 1214 4.6 575 2.4 5/11/2011 11/17/2011 
2012 1.5 2434 4.1 917 2.6 11/28/2011 11/28/2012 
2013 1.7 2056 5.1 767 3.6 5/7/2013 12/4/2013 
Averages 1.9 7985 4.4 2985 2.5 6/24/2009 12/4/2013 
 
Minimum, maximum, and average fluxes for the 75 bare soil rings for each sampling event were variable, but in 
general follow expected seasonal trends (Fig. 2). Minimum fluxes were between 0.0 and 1.3 mol m-2 s-1 (range = 
1.3 mol m-2 s-1) and average fluxes were between 0.2 and 4.8 mol m-2 s-1 (range = 4.6 mol m-2 s-1). However, 
maximum flux values varied more widely from 0.5 to 27.6 mol m-2 s-1 (range = 27.1 mol m-2 s-1). Overall, eighty 
percent of flux values were below 2.2 mol m-2 s-1. A box and whisker plot (Fig. 3) of 6,020 flux measurements 
shows the seasonal data distributions. Spring and summer showed the highest flux variability as expected, because 
these are the most active portions of the growing season. Fall had slightly less flux variability as compared to spring, 
and winter had the lowest flux variability, as would be expected because of generally low wintertime fluxes 
observed at IBDP and elsewhere [7]. In the context of leak detection, outliers with anomalously high values would 
be the most relevant to investigate to determine their source from natural variability, anthropogenic disturbance, leak 
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3.2. Biophysical effects 
3.2.1. Precipitation responses 
Fluxes were compared to average daily temperature and 30-day moving average precipitation observations from 
the Decatur Airport (Fig. 4). Soil flux at the IBDP site follows seasonal average temperature fluctuations: average 
fluxes were less than 1.0 mol m-2 s-1 in the winter, but in spring increased rapidly and every year peaked with 
fluxes exceeding 3.5 mol m-2 s-1 in either the second half of June or first half of July. They subsequently decreased 
steadily until reaching their lowest observed values in late November. Average summer fluxes for bare rings were 
calculated for each year from 2009 to 2013 (Table 2). Because of the range of observed precipitation conditions, 
flux variations due to precipitation differences from year to year and season to season have been well quantified. In 
2012, the study site experienced the third most severe drought on record and received only 3.9 cm of precipitation 
during the summer (compared to an average summer precipitation of 8.0 cm). Average fluxes in the summer of 2012 
were approximately 0.7 mol m-2 s-1 (40%) to 1.6 mol m-2 s-1 (30%) lower than fluxes measured during the 
summers of 2011 and 2013, respectively. Lower fluxes measured during the drought are directly related to soil 
moisture deficits and decreased plant growth and vigor, which can reduce total soil respiration [8, 9]. Conversely, 
the summer of 2010 received 14.3 cm of precipitation, and average fluxes were 20% higher than during the summers 
of 2009 and 2011. 
Fig. 4. IBDP soil CO2 flux values measured at bare shallow rings, with temperature and precipitation data from the Decatur Airport. Precipitation 
is scaled up 50× and is a 30-day moving average. 
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Table 2. Average summer soil fluxes observed at bare soil, shallow-depth rings during June, July, and August of 2009 to 2013. Temperature and 
precipitation are from the Decatur Airport.
Year
Average summer fluxes 
(ђmol m-2 s-1) n = 
Cumulative summer 
precipitation (cm.) Average temperature (°C) 
2009 2.9 530 8.1 22 
2010 3.5 541 14.3 26 
2011 2.9 481 7.0 25 
2012 1.9 1002 3.9 25 
2013 2.6 907 7.0 23 
 
A LI-COR Biosciences® LI-8150 multiplexer was deployed four times (Table 3) to evaluate diurnal trends in soil 
fluxes. During these periods, a total of 53,426 atmospheric measurements and 53,430 soil flux measurements were 
collected. These data were used to characterize long-term trends, as well as effects of significant precipitation events 
on diurnal flux cycles. Moderate to heavy precipitation events can reduce the air-filled volume of soils. As soil pores 
become water-filled, CO2 migration in the soil is impacted by reduced advective flow of CO2 and increasing 
diffusive flow of water through the pores, resulting in decreased soil-atmospheric fluxes [8]. When soils become 
increasingly saturated, soil respiration can be reduced because microbial activity is inhibited [8]. Then, as soils 
become less saturated, microbial and plant activity increases rapidly, resulting in an accumulation of CO2 in the soil, 
which is released (Fig. 5) when soil pathways become unsaturated [10]. 
Table 3. Periods of LI-COR Biosciences® LI-8150 multiplexer deployment at its current location. 
Deployment periods 
June 6, 2012 – July 25, 2012 
October 23, 2012 – January 8, 2013 
August 9, 2013 – September 25, 2013 
October 2, 2013 – November 8, 2013 
 
Fluxes are most highly correlated with soil temperature, but low and high soil moisture can significantly disrupt 
flux patterns [8]. However, soil temperature data have not always been collected at the IBDP site. When soil 
temperature data have been unavailable, air temperature data has been used as a proxy for soil temperature. IBDP 
flux patterns are lagged when compared to air temperature (Fig. 5), due to the thermal diffusivity differences 
between soil and air [11]. On June 16 at about 22:00, a precipitation event began and about 0.9 cm, or about 20% of 
the total precipitation that fell in the summer of 2012, occurred (Table 2); precipitation fell for over four hours (80% 
in the first hour). The pattern follows known flux responses to precipitation events [9].The first wetting of the soil 
increased microbial respiration, which caused an initial spike in the soil flux. Ambient atmospheric temperature 
dropped, and combined with subsequent soil saturation, caused soil flux to decrease from 8.8 mol m-2 s-1 to 1.5 
mol m-2 s-1. Then moisture levels decreased below saturation and temperature stabilized and then increased. 
Subsequently, soil respiration activity increased, which caused flux to increase from a low of 1.5 mol m-2 s-1 at 
00:30 to 11.5 mol m-2 s-1 by 13:30 on June 17. However, this was the only significant precipitation event between 
June 1st and July 31st, so soil moisture content quickly returned to normal, microbial respiration of organic matter 
diminished, and flux resumed the typical diurnal pattern observed at the IBDP and previous studies [12]. Soil 
temperature and moisture are known to significantly influence fluxes, so accurately characterizing these 
relationships at IBDP have helped the project to evaluate observed variabilities in the context of leak detection. 
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Fig. 5. Soil flux response to a 0.9 cm precipitation event on the evening of June 16, 2012. 
3.2.2. Moisture and temperature dynamics 
In 2013, soil moisture and soil temperature data were collected in conjunction with each soil CO2 flux point 
measurement. Fluxes, soil temperatures, and soil moistures at the IBDP site exhibit very similar relationships to 
those observed by Longdoz et al. [13], and Howard and Howard [8]. Weekly averaged soil moisture and soil 
temperature data for bare-shallow rings showed a negative correlation (r = –0.74, r2 = 0.55, n = 28), which suggests 
that soil temperature and soil moisture values were moderately correlated. In environments similar to the IBDP site, 
soil CO2 flux correlates primarily with soil temperature, and to a lesser degree with soil moisture [14]. However, the 
flux-moisture relationship is highly dependent on how near soil moisture values are to either the wilting point or 
saturation point [15]. Flux-temperature and flux-moisture correlations were examined using 30% soil moisture as a 
threshold for assessment of temperature/moisture covariance based on previous studies [16, 17]. Fluxes were 
regressed with soil temperature and moisture, and further subdivided by ring type to examine the variation in flux 
signatures between bare and natural ring types (Fig. 6). Above 30% soil moisture, bare and natural ring types 
displayed a moderate relationship between flux and temperature (R2 = 0.50). Below 30% moisture, bare rings 
showed a weaker relationship between flux and temperature (R2 = 0.32), and natural rings showed no correlation (R2 
= 0.05). Bare and natural ring types showed no relationship between flux and soil moisture when soil moisture was 
above 30%, and very low correlations (R2 = 0.13 and 0.22, respectively) when soil moisture was below 30%. 
Weaker correlations were likely caused by spatial variability in flux behavior, which compounded the natural 
variability of flux observations at individual locations. The biophysical relationships described above have been 
important in developing a site specific understanding of soil CO2 flux dynamics. 
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Fig. 6. Averaged linear regression coefficients of determination, as they relate to a 30% soil moisture threshold, for IBDP soil flux rings. 
3.3. Monitoring challenges 
Several challenges have been encountered during the nearly five years of monitoring. On occasion, data 
collection was interrupted or prevented by equipment problems (e.g., loss of power), or damage resulting from 
severe weather, animals, or other site activities. Where possible, those situations were mitigated by system 
modifications or repairs. In some cases, erroneous values were measured due to a failure of the accumulation 
chamber to close and seal fully, which resulted in atmospheric mixing during the measurement sequence. The data 
review procedure was able to identify those situations and the erroneous data were removed. Staff turnover has also 
been a factor in maintaining consistent data collection, management and review procedures, and in some cases, it 
has resulted in minor to moderate data gaps. To prevent additional staffing related issues, written procedures were 
developed for data collection, management, and review.  
Natural flux variability is a very significant factor in assessing data for leakage signatures. A leak could have a 
range of characteristics relating to its rate, duration, and areal extent, and natural flux variability could significantly 
mask leakage if it were to occur. To address the challenges of leakage identification, characterization of field site 
heterogeneities is essential and the flux measurements need to be assessed from multiple temporal and spatial 
perspectives. 
3.4. Pre-injection and injection period fluxes 
Soil CO2 fluxes from bare-shallow rings during the pre- and syn-injection periods were compared to determine if 
significant variability has occurred. At the coarsest level, pre-injection fluxes were compared with those measured 
after November 17, 2011, when injection began. Yearly site-wide flux averages (Table 1) were similar between the 
pre-injection (2.2 mol m-2 s-1) and injection periods (1.6 mol m-2 s-1). The initial late fall and winter fluxes of 
2011, which were very low, and the reduced fluxes during the drought in 2012 were significant factors contributing 
to the lower average flux of the injection period. 
For a closer look at seasonal patterns and flux variability across the site, spatial analysis has been performed with 
GIS software. A description of the GIS analysis workflow and approach is provided in Korose et al [18]. In general, 
flux observations were gridded and interpolated to produce site flux maps on different time scales (e.g., weekly, 
monthly, seasonally, yearly) for the purpose of data exploration, visualization, and assessment. Fig. 7 shows an 
example of the automated output for the summer and fall seasons from 2009 through 2013. The fall fluxes are lower 
than the summer fluxes, and the impact of the 2012 drought can most clearly be seen in the summer 2012 map 
showing lower fluxes site-wide. Also of note are the fall 2011 and summer 2013 maps, which show transient periods 
of relatively higher fluxes at rings 5H and 11I, respectively. The cause of those values is not expected to be related 
to injection, but rather natural physical characteristics or construction disturbances at each of those locations which 
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observations with concurrent soil temperature and moisture measurements. In addition, soil properties such as bulk 
density, particle density, porosity, and organic carbon content will likely help further evaluate soil CO2 flux at 
IBDP. Review of flux maps on multiple time scales suggests no CO2 leakage from the injection reservoir to the 
biosphere at the IBDP site. Additional more detailed graphical and statistical assessments are now being conducted. 
4.2. Key correlations 
Soil temperature and moisture correlate significantly with soil CO2 flux, but do not completely predict fluxes. 
Soil temperature alone is significantly correlated with soil CO2 flux, typically accounting for 40% to 60% of flux 
variations, comparable with previous studies [13]. Soil moisture was also correlated with soil CO2 fluxes at the 
IBDP site, but this relationship is highly dependent on soil moisture with regards to the degree of soil saturation. 
Preliminary multiple regressions of log-transformed soil temperature and soil moisture against CO2 flux account for 
60% to 70% of flux variability (p < 0.05). This suggests that a sizeable portion of soil CO2 efflux at the IBDP site is 
determined by other soil properties, likely organic matter content and porosity [19]. Therefore, accurate 
interpretation of soil CO2 fluxes at a project site requires baseline and ancillary soil data to determine spatial 
variations in soil type and available carbon. Flux networks consisting primarily of bare soil, shallow-depth rings are 
less susceptible to extraneous fluxes associated with plant processes, and therefore theoretically would provide more 
effective detection of potential leaks than ring types more influenced by surface vegetation. 
4.3. Future work 
Monitoring of the soil CO2 flux network at the IBDP site will continue for at least three years post-CO2 injection 
and ancillary soil data will be collected. Additional soil characterization is planned to more completely document 
current soil type(s) and properties. We also plan to test methods of estimating historical soil temperatures and 
moistures at IBDP. These historical data will enable us to better characterize baseline flux variability and potentially 
build a numerical model to estimate typical fluxes at each sampling location, using soil moisture, soil temperature, 
and available carbon [1, 18]. We will also be able to better evaluate the effects, if any, of physical anthropogenic site 
disturbances. 
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